The vitreous humor is a transparent, non-cellular, non-vascular gel that by various manipulations can be separated into two phases, a fibrous solid and a viscous solution. The former, known as the residual protein, has been shown to have many features in common with collagen (1, 2). Matoltsy, Gross, and Grignolo (3) found in residual protein preparations some fibers which showed in electron micrographs some of the fine structure characteristic of collagen. Other fibers lacked this fine structure either as a consequence of a different molecular organization or because of a chemical difference from collagen.
dithioearbamate for about 250 ml. of gel. Diethyldithiocarbamate was incorporated at this stage to prevent oxidative depolymerization of the hyaluronic acid by copper ions and ascorbic acid (6) .
Preparation of Solutions from the Vitreous Body.--In some cases the vitreous isolated in this way was immediately homogenized at 0 ° in a blendor I. The solution and foam were transferred to a dialysis sac and dialyzed against the standard buffer for 3 days. During this period the foam subsided. The solution was centrifuged at 2500 at.P.~r, for 15 minutes and the sediment discarded. The supematant will be known as the "homogenate."
Some batches of vitreous humor with added diethyldithiocarbamate were placed directly in dialysis sacs and dialyzed against the standard buffer for 3 days. The gel structure was preserved during this period. Subsequent homogenization in the blendor gave a solution and deposited fibers around the blades of the blendor. The solution was centrifuged at 2500 g.P.g, for 15 minutes and the sediment discarded. The supematant will be known as the "homogenate from dialyzed gels."
The solution obtained by passing the homogenate through a sintered glass falter, pore size 5 to 10 microns will be known as the "porosity 4 filtrate." A solution could also be obtained by centrifugation of the vitreous gels at high speed.
The standard buffer had the composition NaCI (0.2 g) Na~HPO~(0.016 ~t) NaH2PO4 (0.034 M), pH 6.9.
Dialyzed solutions were diluted to the volume occupied by the original vitreous. Unless otherwise stated all analytical figures in this paper will refer to unconcentrated vitreous humor.
Viscosity measurements were made in a Couette viscosimeter (7) . The annular gap was 2 ram. The inner cylinder, diameter 12 ram., was immersed to a depth of 10 cm. in 10 ml. of solution. The shear rate could be varied from 0.5 to 150 sec. -t In general deflections were measured in the shear rate range 0.5 to 50 sec. -1. The relative viscosity (N,,t.) for both dialyzed and non-dialyzed solutions was measured relative to the deflections produced by the standard buffer, l-(N,el. --1) will be called the "specific viscosity" and X-(N,et. Ultraviolet absorption was measured in a Unicam spectrophotometer. Optical densities were measured in the range 350 to 240 m#. The points in the range 350 to 320 m/z were extrapolated to shorter wave lengths to obtain a line from which the absorption corrected for scatter could be calculated.
Crystalline trypsin was from the Armour Laboratories. It was dialyzed against N/IO00 HCI and dried by sublimation before use. The hyaluronidase preparation was rondase. 3
Analytical Methods
Nitrogen was determined by Kjeldahl digestion with a selenium catalyst for 5 hours followed by distillation in a Markam still.
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The intrinsic viscosity is a measure of the effective volume of the particles in solution. The specific viscosity depends on this and also on the interaction between the particles. The reduced viscosity is a measure of the fractional increase in the resistance to flow of the solvent due to the presence of the solute.
a Evans medical supplies.
Hexosamine was determined by the Elson-Morgan reaction (8) on samples of solution containing 10 to 100 #g. hexosamine in 0.5 ml. The vitreous was hydrolyzed in 5.8 N HCI for 6 hours, standards of glucosamine hydrochloride being heated at the same time. Fivefold dilutions of vitreous were suitable for assay.
Hexuronic acids were determined by the carbazole method (9) . The blank in the analysis of the vitreous was taken as the sum of the optical densities developed by water put through the whole procedure and vitreous to which the carbazole reagent was not added after heating with H~SO4. Fivefold dilutions of vitreous were suitable for assay.
Hydroxyproline was determined by the method of Nenman and Logan (10) . The same color intensity was obtained from solutions of vitreous which had been hydrolyzed in 5.8 HCI for 6 or 24 hours; quantitative recovery of added hydroxyproline was obtained after 20 hours' hydrolysis, and as a routine method hydrolysis was carried out overnight. The blank in the colorimetric assay of vitreous was taken as the optical density developed by hydrolyzed vitreous put through the whole procedure except the final heating at 70 ° . Solutions of vitreous concentrated two-to threefold were suitable for assay. Tyrosine was determined by the method of Udenfriend and Cooper (11) . Samples of vitreous were hydrolyzed for 6 hours.
Glycine was determined by colorimetric assay of the dinitrophenyl derivative isolated chromatographically on celite columns (12) . Samples of vitreous were hydrolyzed 12 to 18 hours.
RESULTS

Preparation and Viscosity of Solutions Derived from Vitreous Humor
To study the interaction of the components of the vitreous humor by viscosity measurements it was necessary to destroy the gel structure but retain the components in solution. Several procedures were investigated and Table I describes the properties of solutions derived in various ways. Homogenization of fresh gels deposited no fibers on the blades of the blendor and little sediment on low speed centrifugation and gave a solution with non-Newtonian viscosity at low shear rates and a high combined hydroxyproline content. Homogenization of gels which had been dialyzed against the standard buffer caused deposi-tion of fibers on the blades of the blendor and gave a solution with no anomalous flow properties and a low hydroxyproline content.
The homogenates of either origin when filtered through a porosity 4 glass filter or centrifuged at high speed gave solutions with a smaller hydroxyproline content and no anomalous viscosity. The viscosity of the homogenates or the porosity 4 filtrates was stable to incubation at 30 ° in the presence of toluene for 6 hours. The relationship between shear rate and relative viscosity of some of the solutions is described in Fig. 1 .
It thus appeared that the anomalous viscosity depended on the presence of a hydroxyproline-containing material large enough to be retained by a porosity 4 filter and that certain treatments before homogenization could prevent its solubilization and simultaneously induce the formation of macroscopic fibers. Some experiments were carried out to investigate the stability of solutions of the hydroxypropline-containing material, and Table II describes the effects of homogenization, dialysis, and storage on the solubilization. A smaller amount of hydroxyproline-containing material is brought into solution from gels in the ionic environment of the standard buffer than from normal gels; the amount solubilized is dependent on the speed of homogenization and the stability of solubilized material is slightly decreased by dialysis. 14,000 R. P. M.
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In all cases the solutions were centrifuged at low speed before analysis. Dialysis was against the standard buffer. Whole vitreous body before homogenization contained 8 to 10 #g./ml. combined hydroxyproline.
Chemical Properties of the ttydroxyproline-Containing Material
To obtain further information on the material responsible for the anomalous viscosity, samples of the homogenate and the corresponding porosity 4 filtrate or supernatant from high speed centrifugation were analyzed for hydroxyproline, glycine, tyrosine, and uronic acids. The ultraviolet absorption was also noted. The results (Table III) reveal that the material removed from the homogenate contained no acid mucopolysaccharide, little aromatic amino acid, and had the glycine/hydroxyproline ratio of a coUagenous protein.
The glycine and hydroxyproline contents so calculated are small differences of larger quantities. To obtain more accurate values gelatins were prepared from the material removed from the homogenate. The washed filter residue, or sediment from centri/ugation, was heated with distilled water in a sealed tube at 150 ° for 8 hours. The suspension was centrifuged and the supernatant dialyzed and analyzed. The glycine/hydroxyproline ratio was 1.75-1.89. Other samples were prepared similarly and after dialysis dried in weighed ampules. One sample had 11.5 per cent N and 9.1 per cent hydroxyproline, the other 13.7 per cent N and 10 per cent hydroxyproline. If all the nitrogen is combined in a protein with 15 per cent N then the gelatins contain 11.8 per cent and 11.0 per cent hydroxyproline respectively. The yields in the preparation of all samples of gelatin, calculated from the hydroxyproline contents of the homogenate, filtrate, or supernatant and gelatin were 25 to 30 per cent. The filtrate was from a porosity 4 sintered glass filter. The supernatant is from centrifugafion at 20,000 g at 4°C. for 2 hours. All solutions were centrifuged at low speed before ~ualysis
The composition of these materials is very similar to that of the vitrosin isolated from vitreous humor by Gross, Matoltsy, and Cohen (13) .
A orion of Hyaluronidase and Trypsin on the Viscosity of Solutions from Vitreous Humor
The relative viscosity of solutions of the porosity 4 filtrates was completely abolished by incubation with rondase, 80 t~g./ml, at 30 ° for 30 minutes. Simultaneously there was an increase in the concentration of reducing sugars. Fig. 2 illustrates the action of rondase on the viscosity of the homogenate. This sample had been concentrated twofold by pressure dialysis. Incubation with rondase decreased, but did not abolish, the relative viscosity at high shear rates. At low shear rotes the relative viscosity is also decreased; it is still dependent on the shear rate but to a smaller degree than before incubation.
Trypsin had no effect on the viscosity although after incubation with 2.4 rag. enzyme/ml, solution for 6 hours 85 per cent of the nitrogen was diffusible through cellophane.
Ultrafiltration of Solutions Derived from Vitreous Humor
The possibility of fractionation by ultrafiltration was investigated. Fig. 1 illustrates the effect of ultrafiltration on the viscosity and Table IV, Passage through membranes in the pore size range 1000 to 230 m/~ had no effect on the viscosity but membranes with pore sizes below 230 m~ progressively reduced the viscosity. A membrane, 170 m~ pore size, gave a filtrate with a reduced viscosity about 60 per cent of that of the porosity 4 filtrate.
TABLE IV
Effect of Ultrafiltratlon on the Composition of a Solution Derived "tom Vitreous Humor
Material with a composition to be expected for an acid mucopolysaccharide is removed by membranes with pore sizes smaller than 230 m~ and about 20 to 45 per cent is removed by a 170 m]z membrane.
The protein content is decreased by passage through the membranes. This effect, which is probably due to absorption rather than ultrafiltration, provides further evidence that the soluble protein contributes little to the viscosity, for protein is removed by membranes which do not affect the viscosity.
Properties of Hyaluronic Acid from Vitreous Humor
It was of interest to determine the shear dependence of the viscosity of concentrated solutions of hyaluronic acid from vitreous humor and also the chemical relationship of hyaluronic acid to soluble protein. A sample of the porosity 4 filtrate was passed through a 170 m# membrane using a new membrane for each 25 ml. of filtrate and the resultant solution concentrated and dialyzed against the standard buffer. The concentrate had a relative viscosity of 22 and this was independent of shear rate in the range 0.5 to 12.0 sec. -1. Fig. 3 describes the relationship between the specific viscosity and concentration. A concentrated filtrate from a 800 m# glass filter had an identical specific viscosity-concentration relationship. The intrinsic viscosity was 10.5 deciliters/gin.
A further sample of a 170 m# membrane filtrate was prepared, concentrated, dialyzed against NaC] (0.18 ~), NaeHPO4 (0.0066 M), NaH2PO4 (0.0006 M) pH 8.2, and examined in the Tiselius apparatus. After 24 hours' electrophoresis with compensation of the boundaries to keep only the fastest component in the ascending limb, that component was isolated. It was dialyzed against N/1000 HC1, centrifuged, and the supernatant dried in weighed ampules. The solid contained 4.01 per cent N and 47 per cent hexosamine, and a solution containing 1.32 rag. solids/ml, had no specific absorption in the range 260 m# to 300 mg at pH 7. We are thus able to confirm the finding of Blix that the hyaluronic acid of vitreous humor is not in combination with protein.
DISCUSSION
The hydroxyproline-containing material of our homogenates has a ratio of hydroxyproline, glycine, and aromatic amino acids similar to that of a collagen and can be gelatinized by hot water. Pirie, Schmidt, and Waters (1) prepared residual protein from vitreous humor by filtration and showed that it had many properties similar to those of collagen. Their yield was 11 to 16 rag. protein from 100 ml. vitreous humor, and similarly Friedenwald and Stiehler (14) report a yield of 17 to 20 mg./100 ml. vitreous humor. The hydroxyproline content of the vitreous humor samples used by us corresponds to a collagen content of 9 rag./100 ml. vitreous. The difference may be due to different sampling techniques; for example we have not included all the vitreous attached to the ciliary body. However, while it is possible to assume that the hydroxyproline-containing material of homogenized vitreous humor forms part of the residual protein it is not permissible to assume that the residual protein of earlier workers is composed only of the hydroxyproline-containing material. However, the yield and composition of our material is almost identical with those of the vitrosin of Gross, Matoltsy, and Cohen (13) .
The anomalous viscosity of the homogenates derived from vitreous humor is due to the presence of a hydroxyproline-containing material of considerable particle size and its magnitude depends on the presence of hyaluronic acid. The evidence for the latter is that the difference between the viscosity at high and low shear rates is reduced by incubation with hyaluronidase. If the hydroxyproline-containing material and the hyaluronic acid were not interacting then the viscosity at low shear rates should be the sum of the contributions due to hyaluronic acid and the hydroxyproline-containing material separately, which is not the case. The anomaly is only present in solutions subjected to very small shear stress; above a shear rate of 15 sec. -1 the relative viscosity is the sum of the contributions made by the hydroxyproline-containing material and the porosity 4 filtrate.
Digestion with proteolytic enzymes and ultrafiltration are consistent with the soluble protein contributing little to the viscosity under all the conditions used in this work. Also we are able to confirm the finding of Blix (5) that the soluble protein is not in combination with hyaluronic acid. This is in contrast to the condition in synovial fluid and may be related to the very small albumin concentration of vitreous humor.
We ascribe the flow properties of the porosity 4 filtrate to hyaluronic acid. It has been observed that a concentrated filtrate freed from hydroxyprolinecontaining material, has a viscosity independent of shear rate. The intrinsic viscosity is very high, which requires the solution to contain particles which are either very asymmetric or voluminous. The lack of shear dependence favors the latter and we conclude that the hyaluronic acid of vitreous humor is coiled in such a way that the over-aU shape is not greatly asymmetric. Such a conclusion is in keeping with the properties of other polyelectrolytes in salt solution (15) , but is contrary to the conclusion drawn by Blix and Snellman (16) and repeated by Brunish, Rowen, and Irvine (17) from the flow birefringence of hyaluronic acid. At the very high shear rate and unspecified concentration employed by these authors linear aggregation or disruption of coiled particles may arise. The hyaluronic acid-protein complex of synovial fluid does not exhibit flow birefringence (18) .
It is of interest to consider the nature of the interaction between the hyaluronic acid and the hydroxyproline-containing material. The interaction is abolished by a gravitational field or by a small shear stress so that only weak bonds can be involved. Consideration of an interaction due to restriction by one component of the volume available to the other necessitates assumptions about the molecular size of the components. Jensen (19) has data relating the specific viscosity to molecular weight of hyaluronic acid. The viscosity we have observed for hyaluronic acid from vitreous humor corresponds to a molecular weight of 0.5 X l0 s. This is also the value found by Brunish, Rowen, and Irvine (17) from turbidity measurements.
A flexible chain polymer, molecular weight 0.5 X 108, composed of segments 10 A long and equivalent weight 180 would have a mean radius of 330 A according to the theory of Kirkwood and Riseman (20) . The equation of Flory and Fox (21) relating the molecular weight, intrinsic viscosity, and mean square separation of the ends gives a similar value. At a concentration of 0.04 per cent, molecules of this sort would occupy 8 per cent of the total volume of the solution. It is difficult therefore to account for the interaction between the hyaluronic acid and the hydroxyproline-containing material in terms of restriction by the former of the volume available to the latter. Data are not available to permit a precise assessment of the effective volume of the hydroxyprolinecontaining material in solution. The concentration of the hydroxyprolinecontaining material in solutions showing anomalous viscosity is 0.005 to 0.01 per cent. At this level the particles must be very asymmetric or voluminous to occupy a significant proportion of the volume. Such particles should give very viscous solutions. However, incubation of a homogenate with hyaluronidase does not leave a very viscous solution. Similarly filtration of the hydroxyprolinecontaining material from a homogenate decreases the reduced viscosity at high shear rate by only 20 to 30 per cent. It is unlikely that the volume occupied by the hydroxyproline-containing material in an unperturbed state is much greater than that of the hyaluronic acid. The interaction producing the anomalous viscosity is not to be explained in terms of the effective volumes of the unperturbed particles. It appears necessary therefore to postulate the existence in solutions subject to very low shear stress of forces weak enough to be overcome by a gravitational field but permitting departure from the shapes adopted by the particles separately. Coulombic forces between positively charged centers of the hydroxyproline-containing material and the negatively charged hyaluronic acid could be of the required nature for, if only a few positively charged sites are involved, in the presence of the salt concentration found physiologically, the interaction would be weak.
As the anomalous viscosity of solutions derived from the vitreous humor is due to interaction between the hyaluronlc acid and the hydroxyproline-containing material it is probable that the structure of the intact gel will have the same cause. The homogenization may decrease the particle length of the hydroxyproline-containing material and may also disorganize a favorable orientation of the particles with respect to each other. Comparison of the conditions of homogenization suggests that macroscopic fibers with diameters much greater than those observed by Matoltsy, Gross, and Grignolo (3), are not present in the intact vitreous. We have only obtained macroscopic fibers on homogenization in the unphysiological condition of the environment of the standard buffer.
SUMMARY
Solutions made by homogenization of vitreous humor exhibit anomalous viscosity at low shear rates due to interaction between hyaluronic acid and a hydroxyproline-containing material similar to collagen. The latter can be removed by filtration or centrifugation to give a solution whose viscosity is due to hyaluronic acid. On concentration the viscosity of the latter remains independent of shear rate and it is concluded that hyaluronic acid in the vitreous humor is not greatly asymmetric. There is no evidence that the soluble protein of vitreous humor contributes to the viscosity. Hyaluronic acid in vitreous humor is not in chemical combination with protein. The interaction between the hyaluronic acid and the collagen-like material is ascribed to weak, coulombic forces.
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